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Edited by Judit Ova´diAbstract The kinetics of thermal aggregation of glycogen phos-
phorylase b and glyceraldehyde 3-phosphate dehydrogenase from
rabbit skeletal muscles were studied using dynamic light scatter-
ing. Use of high concentrations of the enzymes (1–3 mg/ml) pro-
vided a simultaneous registration of the native enzyme forms and
protein aggregates. It was shown that initially registered aggre-
gates (start aggregates) were large-sized particles. The hydrody-
namic radius of the start aggregates was about 100 nm. The
intermediate states between the native enzyme forms and start
aggregates were not detected. The initial increase in the light
scattering intensity is connected with accumulation of the start
aggregates, the size of the latter remaining unchanged. From a
certain moment in time aggregates of higher order, formed as
a result of sticking of the start aggregates, make a major contri-
bution to the enhancement of the light scattering intensity.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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scattering1. Introduction
Protein aggregates are formed as a result of interaction of
unfolded protein molecules leading to generation of agglomer-
ates with various supramolecular organization [1–3]. Protein
aggregation should be taken into account when solving bio-
technological tasks as, for instance, in the procedure of rena-
turation of recombinant proteins from inclusion bodies.
Understanding of mechanisms of protein aggregation is basic
to the search of agents that suppress aggregate formation
and may be of use for solution of biotechnological problems.
In the previous works, we proposed a new mechanism of
thermal protein aggregation on the basis of dynamic light scat-Abbreviations: DLS, dynamic light scattering; GAPDH, glyceralde-
hyde 3-phosphate dehydrogenase; Phb, glycogen phosphorylase
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doi:10.1016/j.febslet.2007.07.066tering (DLS) investigations. The initial stage of protein aggre-
gation is believed to be a stage of the formation of the start
aggregates [4–9]. The hydrodynamic radius (Rh,0) of the start
aggregates is several tens of nanometers. The value of Rh,0
may be determined by the construction of the light scattering
intensity versus the hydrodynamic radius (Rh) plot. The Rh,0
value corresponds to the length cut oﬀ on the abscissa axis
by the linear dependence of the light scattering intensity on
Rh. Sticking of the start aggregates and aggregates of higher
order results, ultimately, in the formation of large-sized aggre-
gates prone to precipitation. We assumed that the formation of
the start aggregates from denatured protein molecules pro-
ceeded according to the all-or-none principle, without genera-
tion of any detectable intermediate particles. However, in
those experiments we used rather low concentrations of pro-
teins (0.025–0.4 mg/ml), which did not permit detecting their
native or denatured forms. Thus, it is not improbable that at
higher protein concentrations intermediate states between the
native enzyme forms and start aggregates may emerge.
Thermal denaturation of oligomeric proteins proceeds as a
irreversible process because of aggregation of unfolded protein
forms [10]. Incubation of oligomeric proteins at the elevated
temperatures is accompanied by dissociation of the protein
oligomers into more thermolabile oligomeric forms of lesser
size. Realization of the dissociative mechanism of thermal
denaturation of oligomeric proteins was demonstrated by us
for dimeric glycogen phosphorylase b (Phb) [11] and tetrameric
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) [5]
from rabbit skeletal muscles. The goal of the present study
was to examine the kinetics of thermal aggregation of Phb
and GAPDH at rather high concentrations of the proteins
(1–3 mg/ml) using DLS. Under the applied conditions it was
possible to detect the original native forms of the proteins. It
was shown that the start aggregates were formed according
to the all-or-none principle, and the intermediate states
between the native enzyme forms and start aggregates were
not detected.2. Materials and methods
2.1. Phb isolation and puriﬁcation
Phb was isolated from rabbit skeletal muscles by the method of Fish-
er and Krebs [12] using dithiothreitol instead of cysteine; the enzyme
was recrystallized three times. Phb concentration was determined spec-
trophotometrically at 280 nm using the absorbance coeﬃcient A1%cm of
13.2 [13].blished by Elsevier B.V. All rights reserved.
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GAPDH was isolated from rabbit muscles as described by Scopes
and Stoter [14] with an additional puriﬁcation step using gel-ﬁltration
on Sephadex G-100 (superﬁne). GAPDH concentration was deter-
mined spectrophotometrically at 280 nm using the absorption coeﬃ-
cient A1%cm of 10.6 [15].
2.3. DLS studies
For light scattering measurements the commercial instrument
Photocor Complex was used (Photocor Instruments Inc., USA;
www.photocor.com). A He–Ne laser (Coherent, USA, Model 31-
2082, 632.8 nm, 10 mW) was used as a light source. The temperature
of sample cell was controlled by the proportional integral derivative
(PID) temperature controller to within ±0.1 C. The quasi-cross corre-
lation photon counting system with two photomultiplier tubes (PMT)
was used to increase accuracy of particle sizing in the range of 0.5–
10 nm. DLS data have been accumulated and analyzed with multifunc-
tional real-time correlator Photocor-FC that has both logarithmic
multiple-tau and linear time-scale modes. DynaLS software (Alango,
Israel) was used for polydisperse analysis of DLS data.
The kinetics of thermal aggregation of Phb were studied by DLS in
0.08 M HEPES buﬀer, pH 6.8, containing 0.1 M NaCl and 0.2 mM
EDTA. To study the kinetics of thermal aggregation of GAPDH, we
used 10 mM Na-phosphate buﬀer, pH 7.5. All solutions for the exper-
iments were prepared using deionized water obtained with Easy-Pure
II RF system (Barnstead, USA). The buﬀer was placed in a cylindrical
cell with the internal diameter of 6.3 mm and preincubated for 10 min
at a certain temperature. Cells with stopper were used for incubation to
avoid evaporation. The aggregation process was initiated by the addi-
tion of an aliquot of the protein to the ﬁnal volume of 0.5 ml. When
studying the kinetics of aggregation of proteins, the scattering light
was collected at 90 scattering angle.
Origin 7.0 software (OriginLab Corporation, USA) was used for the
calculations.3. Results
3.1. Thermal aggregation of Phb
The study of thermal aggregation of Phb by DLS allows
registering the increase in the light scattering intensity in theFig. 1. Kinetics of thermal denaturation of Phb at 37 C (0.08 M
HEPES buﬀer, pH 6.8, containing 0.1 M NaCl and 0.2 mM EDTA).
Dependences of the light scattering intensity (I) on time (t) obtained at
the following enzyme concentrations: (1) 1, (2) 2 and (3) 3 mg/ml.
Table 1
Parameters of thermal aggregation of Phb at 37 C (0.08 M HEPES buﬀer p
Phb concentration (mg/ml) Rh,0 (nm) t1 (min)
1.0 95.4 ± 0.8 255 ± 1
2.0 100.5 ± 0.8 186 ± 1
3.0 105.1 ± 1.2 94 ± 1
Rh,0 is the hydrodynamic radius of the start aggregates; t1 is the time of the a
the dependences of light scattering intensity on time; ðdI=dtÞt¼t2 is the slope o
at t = t2; t3 is the point in time at which the hydrodynamic radius of the stacourse of aggregation and the size of the aggregates formed.
Fig. 1 shows the dependences of light scattering intensity (I)
on time obtained at various concentrations of Phb (37 C).
As is seen from this ﬁgure, the dependences of I on time in-
volve a lag period followed by the linear part. The duration
of the lag period (designated as parameter t2) decreases with
increasing protein concentration, namely, from 380 min at
Phb concentration of 1 mg/ml to 141 min at Phb concentration
of 3 mg/ml (see Table 1). The rate of aggregation expressed as
a slope of the linear part of the dependences of I on time
(parameter ðdI=dtÞt¼t2 in Table 1) increases with increasing
the protein concentration.
Fig. 2 shows the distribution of the particles by size regis-
tered at various time of incubation of Phb solution at concen-
tration of 1 mg/ml (37 C). At low times of incubation only
original (native) form of Phb was detected (Fig. 2A; incubation
time was 27 min). The hydrodynamic radius of the original
form was equal to 5.6 ± 0.6 nm. At t = 255 min the start aggre-
gates appeared (Fig. 2B). The hydrodynamic radius of the start
aggregates (Rh,0) was found to be 95.4 ± 0.8 nm. At high times
of incubation an increase in the size of the protein aggregates
was observed (Fig. 2C; t = 750 min).
Fig. 3 shows the time dependences of the hydrodynamic
radius for the original form of Phb (solid circles) and for the
protein aggregates (open circles) obtained at various
concentrations of Phb. The time of the appearance of the start
aggregates (designated as parameter t1) decreases with increas-
ing the protein concentration, namely, from 255 min at Phb
concentration of 1 mg/ml to 94 min at Phb concentration of
3 mg/ml (Table 1). The size of the start aggregates (parameter
Rh,0 in Table 1) is independent of the protein concentration.
The average value of Rh,0 is equal to 100.3 ± 0.9 nm. As can
be seen from Fig. 3, there is a time interval over which the size
of the start aggregates remains unchanged. Starting from a def-
inite point in time the value of Rh for the protein aggregates
begins to increase. This point in time was designated by t3.
The values of parameter t3 are given in Table 1.
Analysis of the data presented in Table 1 shows that in the
interval from 380 to 517 min at [Phb] = 1 mg/ml, from 248 to
343 min at [Phb] = 2 mg/ml and from 141 to 272 min at
[Phb] = 3 mg/ml the increase in the light scattering intensity
is only connected with the accumulation of the start aggre-
gates, the size of the latter remaining constant. At t > t3 the
increase in the I value is due to sticking of the start aggregates
and aggregates of higher order.
3.2. Thermal aggregation of GAPDH
Fig. 4 shows the dependences of the light scattering intensity
on time for aggregation of GAPDH (1 and 3 mg/ml) at 45 C.
The duration of the lag period for each dependence of I on
time (parameter t2) is given in Table 2. It is unexpected that
the aggregation rate decreased, when the enzyme concentra-H 6.8, containing 0.1 M NaCl and 0.2 mM EDTA)
t2 (min) ðdI=dtÞt¼t2 [(counts/s) min1] t3 (min)
380 ± 3 163 ± 2 517 ± 5
248 ± 3 447 ± 4 343 ± 3
141 ± 2 1410 ± 10 272 ± 3
ppearance of the start aggregates; t2 is the duration of the lag period in
f the tangent to the dependence of the light scattering intensity on time
rt aggregates begins to increase.
Fig. 3. Dependences of the values of the hydrodynamic radius (Rh) for
the original Phb (solid circles) and protein aggregates (open circles) on
time for aggregation of Phb at 37 C (0.08 M HEPES buﬀer, pH 6.8,
containing 0.1 M NaCl and 0.2 mM EDTA). The Phb concentrations:
(A) 1, (B) 2 and (C) 3 mg/ml.
Fig. 2. Thermal aggregation of Phb (1 mg/ml) at 37 C (0.08 M
HEPES buﬀer, pH 6.8, containing 0.1 M NaCl and 0.2 mM EDTA).
Distribution of the particles by size registered at various times of
incubation: (A) 27, (B) 255 and (C) 750 min.
Fig. 4. Kinetics of thermal denaturation of GAPDH at 45 C (10 mM
Na-phosphate buﬀer, pH 7.5). Dependences of the light scattering
intensity (I) on time (t) obtained at the following enzyme concentra-
tions: (1) 1 and (2) 3 mg/ml.
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following reason for such an unusual behavior of GAPDH.
Previously, we showed by diﬀerential scanning calorimetry
that GAPDH thermostability increased with increasing the
protein concentration in the interval from 0.5 to 3.0 mg/ml
[5]. This change in enzyme thermostability is due to the fact
that the denaturation process involves a stage of reversible dis-
sociation of the tetrameric enzyme form into the oligomeric
forms of lesser size. The direct evidence for dissociation of
GAPDH tetrmers into dimers and monomers during 80-min
incubation at 45 C was obtained by sedimentation velocity
[5]. Thus, the diminishing of the aggregation rate at the
GAPDH concentration of 3 mg/ml in comparison with that
at [GAPDH] = 1 mg/ml may be explained by deceleration of
the ﬁrst stage of thermal aggregation of GAPDH, namely,
the stage of dissociation of the protein molecule.
Fig. 5 shows the distribution of particles by size registered at
various times of incubation of GAPDH solution (1 mg/ml). As
in the case of Phb, at low incubation times the distribution
function contains a single peak corresponding to the original
form of GAPDH (Fig. 5A, t = 3 min). The average value ofthe hydrodynamic radius for this peak was found to be
5.4 ± 0.3 nm. In the course of aggregation the additional peak
corresponding to the aggregated form of the enzyme appeared,
the size of the latter increasing with time (Fig. 5B and C).
Table 2
Parameters of thermal aggregation of GAPDH at 45 C (10 mM











1.0 97 ± 2 5.3 ± 0.3 4.0 ± 0.3 8.0 ± 0.3
3.0 95 ± 2 3.3 ± 0.3 4.5 ± 0.3 17.0 ± 0.3
Fig. 5. Thermal aggregation of GAPDH (1 mg/ml; 10 mM Na-
phosphate buﬀer, pH 7.5) at 45 C. Distribution of the particles by size
registered at various times of incubation: (A) 3.0, (B) 5.5 and (C)
17.0 min.
Fig. 6. Dependences of the values of the hydrodynamic radius (Rh) for
the original GAPDH (solid circles) and protein aggregates (open
circles) on time for aggregation of GAPDH at 45 C (10 mM Na-
phosphate buﬀer, pH 7.5). The concentrations of GAPDH were: (A) 1
and (B) 3 mg/ml.
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of the protein aggregates formed in the course of thermal
aggregation of GAPDH (1 and 3 mg/ml) on time. The start
aggregates appeared at t = 5.3 min and t = 3.3 min for
[GAPDH] = 1 and 3 mg/ml, respectively (parameter t1 in Table
2). The hydrodynamic radius of the start aggregates was found
to be 97 ± 2 and 95 ± 2 nm for [GAPDH] = 1 and 3 mg/ml,
respectively. Table 2 contains also the values of parameter t3
(the point in time at which the hydrodynamic radius of the
start aggregates begins to increase). For the GAPDH concen-
trations of 1 and 3 mg/ml the values of parameter t3 are equal
to 8.0 ± 0.3 and 17.0 ± 0.3 min, respectively. Thus, the
increases in light scattering intensity with time in the intervalfrom 5.3 to 8.0 min at [GAPDH] = 1 mg/ml and in the interval
from 3.3 to 17.0 min at [GAPDH] = 3 mg/ml were only due to
the accumulation of the start aggregates with no change in
their size.4. Discussion
The possible mechanisms of protein aggregation were dis-
cussed by Speed et al. [16]. These mechanisms include (1)
sequential particle–cluster aggregation, in which monomeric
units add individually to a growing chain; (2) multimeric clus-
ter–cluster aggregation, in which multimers of any size associ-
ate rather than sequential addition of monomeric units to a
growing aggregate; and (3) nucleation-dependent aggregation,
characterized by the slow formation of a nucleus followed by
the growth of the aggregate as a result of an addition of a
monomer. The mechanism of nucleation-dependent aggrega-
tion was proposed for explanation of the linear relationship
between the aggregation rate constant calculated from the
kinetic data obtained by the turbidimetric method and the
protein concentration [17–19]. It is suggested that the forma-
tion of inclusion bodies may be considered as a process of
seeded polymerization in which initial, slowly formed, aggre-
gates serve as seeds that nucleate the deposition of monomer
[20]. Evidently, nucleation-dependent aggregation shares simi-
larity with reversible protein association, which includes a
nucleation stage [21]. The theoretical analysis of the kinetics
of nucleation-dependent aggregation has been carried out by
Kodaka [22,23].
For the aggregation mechanism involving the nucleation
stage, the size of aggregates should evidently reach the limiting
value during exhaustion of denatured protein. However, the
N. Golub et al. / FEBS Letters 581 (2007) 4223–4227 4227studies of the kinetics of thermal protein aggregation (using
DLS, which can evaluate size of protein aggregates) suggest
that thermal aggregation of proteins is not accompanied by
formation of aggregates limited in size. The size of aggregates
constantly increases with time and reaches the values at which
precipitation of protein aggregates begins [4–8]. Results
obtained in the present work agree with such an observation.
These data testify that the mechanism of nucleation-dependent
aggregation does not hold for thermal aggregation of proteins.
The main pathway of the growth of the primary aggregates
formed in the initial stage of aggregation is their sticking but
not their enlargement as a result of an addition of monomers
(denatured protein molecules) to a growing aggregate. That
is the reason why the primary aggregates were called the start
aggregates [4,6]. It is notable that according to present views
the assembling of amyloid ﬁbrils proceeds through the stage
of the formation of protoﬁbrils. Association of protoﬁbrils re-
sults in the formation of ﬁbrils and then clusters of ﬁbrils and
bundles [24]. It is evident that protoﬁbrils are equivalent to the
start aggregates in the case of aggregation producing amor-
phous aggregates.5. Conclusions
In the present work, we have studied thermal aggregation of
Phb and GAPDH under conditions when it was possible to
determine the size of both the original protein forms and pro-
tein aggregates. Such conditions were realized owing to use of
high concentrations of these enzymes. Results obtained testify
that the formation of the start aggregates proceeds on the
all-or-none principle. We could not detect intermediate states
between the original forms of the enzymes and the start aggre-
gates. The lag period in the dependences of the light scattering
intensity on time is connected with the stages of unfolding of
the protein molecule and the formation of the start aggregates.
The initial increment in the light scattering intensity with time
is only due to the increase in the concentration of the start
aggregates. Further increase in the light scattering intensity is
the result of sticking of the start aggregates and aggregates
of higher order.
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